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Abstract:

This paper proposes the application of a switched robust predictive control applied to output
voltage control of a three-state switching cell boost converter considering the average space-state
equivalent boost model. The proposed technique follows the switched quadratic performance
index minimization principle modeled via linear matrix inequalities (LMIs) to closed-loop
stabilization problem of a boost converter. The simulation results evidence the closed-loop
stabilization of the presented converter using the switched predictive control demonstrated
through the time response analysis and the closed-loop boundary ellipsoids procedure. This
study demonstrated that the proposed control technique is suitable to output voltage control of
boost converter. As future works are the validation test in the experimental setup.

Keywords: Model Predictive Control; Linear Matrix Inequalities; Switched Systems; Boost
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1. INTRODUCTION

Studies involving the Robust Model Predictive Control
(RMPC) applications via linear matrix inequalities (LMIs)
to power electronics converters have been worth of in-
vestigation accord to Costa et al. (2016, 2017) and Rego
et al. (2018). Moreover, the RMPC-LMI design techniques
demonstrate its efficacy to output voltage control of the
boost converters as seen in Rego et al. (2019); Rego and
Costa (2019); Moreira et al. (2019) and Aratjo et al.
(2019)).

The main advantage of the boost converter classic mo-
deling is its capability to perform original topology of
DC-DC and AC-DC boost converter through the boost
equivalent model (Middlebrook and Cuk, 1976). However,
the existence of the non-minimum phase, associated with
the parameters variations such as load and input voltage
difficulty the closed-loop stabilization for only one point
operation design control (Bascopé and Barbi, 2000; Costa
et al., 2017).

Besides, solutions for robust predictive control design are
presented by Moreira et al. (2019, 2021), in which proposed
a Generalized Predictive Control and constrained RMPC-
LMI with fuzzy approach respectively. Thus, the features
of RMPC-LMI design are usually applied to constrained
multivariable models with uncertainty processing as seen
in Peccin et al. (2019); Cao et al. (2021); Fard and
Sadeghzadeh (2021) and Kaitao et al. (2022).

Furthermore, the power converters structure design use the
switching principle aiming to energy conservation (Bas-
copé and Barbi, 2000). Though, the switching approach
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used in power electronics are nonlinear, where its lineari-
zation follows the average state space approach or PWM
method Costa et al. (2017). As alternative capable to solve
the closed-loop switching problem is the switching design
control as presented in Dey et al. (2021); Kairuz et al.
(2021) and Najson (2021), where presented solutions to
switched systems as existent in power converters.

For example, Hall and Bridgeman (2021) and Marcolino
et al. (2020) proposed model predictive control techniques
for switched linear systems. Hall and Bridgeman (2021)
developed a study about exogenous switching in predictive
control. Marcolino et al. (2020) discussed a switched pre-
dictive control application involving two or more control
laws through linearized systems in function of structured
uncertainties.

Moreover, are highlighted the works of Benallouch et al.
(2014); Maestre et al. (2010); Khan et al. (2020). The first
article developed a LMI procedure to solve a switched
predictive control design problem. Maestre et al. (2010)
proposed an adaptive predictive controller using multiple
linear subsystems which the local control laws are scaled
in an algorithm where the global control law is determined
by a switching rule. Finally, Khan et al. (2020) applied a
switched predictive control methodology in a novel power
inverter used to photovoltaic grid connected system.

Following the aforementioned background, this paper pro-
poses a switched robust model predictive control (SR~
MPC) applied to boost converter output voltage control.
The proposed design uses the approach of Kothare et al.
(1996) and follows the switched model predictive control
procedure of Benallouch et al. (2014) using LMIs, which
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aims to minimize the upper quadratic performance index
considering an infinite horizon prediction.

Besides, the contribution of this study is the follows: (i)
A synthesis control design of a Switched RMPC-MLMI
to the boost converter using average state-space model;
(ii) a switched closed-loop stability analysis considering
a switched polytopic uncertainty approach, testing the
algorithm to more complex conditions than the study
of Benallouch et al. (2014); (iii) a simulation testing of
the SR-MPC-LMI in the 3SSC boost converter used by
Rego et al. (2019); Rego and Costa (2019); Moreira et al.
(2019) and Moreira et al. (2021), adopting the variation
parameters based the switching principle of Geromel and
Colaneri (2006a); Benallouch et al. (2014).

This paper is divided as follows: The Section 2 presents
the 3SSC converter and explains the average state-space
modeling used in this study. The Section 3 shows the
proposed control design using switched principle appro-
ach. In Section 4, the simulation results are illustrated,
analyzed and discussed. Finally, the Section 5 summarizes
the findings found in this study and proposes future works.

2. CONVERTER MODELING

The Three State Switching Cell (3SSC) Boost Converter
circuit proposed by Costa et al. (2017) is illustrated in
Figure 1. Besides, the Table 1 displays the parameters the
converter used in this study (Costa et al., 2017).
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Figura 1. 3SSC Boost Conveter (Costa et al., 2017).

Tabela 1. Boost Converter Parameters.

Parameters Values
Input Voltage (Vi) 26 — 36 [V]
Output Voltage (V5) 48 [V]

Frequency (fs) 22 [kHz]

Inductor (L) 36 [nH]

Inductor Resistor (Rr) 0 [©]
Capacitance (Co) 4.400 [uF)
Capacitor equivalent resistor (Rco) 26,7 (1]
Load (R.) 2,034 — 6,06 [Q)]
Output Power 380 — 1.000 [W]
Sample Time 1 [ms]

The 3SSC boost converter model is reduced to average
state-space model matrices A, B, C' and D, considering
the Continuous Driving Mode (CDM) (Middlebrook and
Cuk, 1976; Rego et al., 2018) defined by:

A= L(Rco+Ro)
1

(1_Dcycle)Ro
Co(ReotRo)

_ Rp+(1=Deyere) (Reol| Ro) (1Dcycle)Ro]
L

" Co(ReotRo)

Reo (1=Deycte) RotReo
B= |t _ Tyt ] 3)
Co(Rco+Ro)
C = [(1= Deyare) (Reo | Ro)mlems | (4)
Rco || Ro
D=-vV,—=_= 5
g R’ ( )

Where R/ = (1 — Dcycle)QRo + Dcycle(l — Dcycle)(Rco||Ro)~
The state variable z = [i;, v.]? are the inductor current
(¢z) and the capacitor voltage (V.) respectively. Deycie is
the duty cycle, u is the control signal and y is the output
voltage (V).

3. CONTROL STRATEGY

The switched linear systems theory is divided in two
groups. The first group, the switching rule o () not depends
of states equivalent to time variant uncertainty. The second
group, o(-) is a control variable that depends of state or
of system. Both groups, the main objective is to obtain
a switching rule o(-) that assures the global asymptotic
stability system (Deaecto and Geromel, 2008). Considering
this context, follows

z(k+1) = A,yz(k), £(0) = xo. (6)

For all £ > 0, z(k) € R" is the available state to
feedback, o(k) is the switching rule and xp € R™ is the
initial condition. Hence, to each sample time, the switching
rule chooses A,y € R"*™ of set {A;, Az, Asz,...,An}.
The global asymptotic stability conditions are achieved
through the Lyapunov functions, given by:

N
j— y / A — y s}
v(x) = min x Pz min (l_zl i Plx> , (7)

where, P;,Vi € K are positive-defined symmetric matrices
and A € RY is a variable of the convex hull A, defined by

N
A{/\E}RN:Z)W;L)WZO}. (8)

i=1

To enhance the comprehension, let I(z) = i € K :
v(z) = a’Px C K is the indices set. To situations that
the minimization condition defined in (7) is not unique,
the set I(z) has more than one element (Deaecto and
Geromel, 2008). Thence, the idea is to achieve a switching

rule g(z) : R® — K and conditions to a(k) = g(z(k))
2(k+1) = Az (k) + Bu(k) W operat(zls tﬁlatT}(lG) can bfeGa globiﬂ ponat.lThepce, it is
k) = Cx(k) + Dulk) adopted the Theorem of Geromel and Colaneri (2006b)
that satisfies the closed-loop stabilization conditions to
where, switched linear systems.
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3.1 SR-MPC approach

Based in Benallouch et al. (2014) and Esfahani and Pieper
(2019), consider the switched linear system given by (9).

z(k +1) = Agryz (k) + Bo(ryu (k) + Woiyw (k) ©)
2 (k) = Coyz (k) + Do (iyu (k)

In (9) system, z(k) € R™ are the states of system,
u(k) € R™ is the control signal, and z(k) € R? is the
output signal, and w(k) € R" is the exogenous disturbance
system, defined in (10).

The matrices Ag(k), Bg(k), Wg(k), Og(k), Da(k) are state
matrix, input matrix, disturbance matrix, output matrix,
and transmittance matrix respectively. All the aforemen-
tioned matrices follow the switching rule for each sample
time, where the presented matrices contain N subsystems
that are clustered in the global model, subjected by swit-
ching method as displayed in (10) in (11).

W:{wERT

Il

£p < } (10)

o(k)eN, N={1,2,3, ..., N}, V k>0 (11)

Accord to Geromel and Colaneri (2006a), it assumed that
the Lyapunov stability criteria to switched rule along with
the comutation rule, given by (12) and (13), respectively.

V (z (klk) o (k) ) = @ (k|k)" Py (k)x (k|k) (12)

o(z(k)) = arg min z (k|k)T Py kyx (klk) (13)
i €N

o(k) =
In (12) and (13), P, is the correspondent matrix for

respective subsystem, in which z(k;|k2) are the system
states at instant k; predicted from of moment ks.

Add to this, suppose the existence of constraints that
limits the control signal and the states as well as described
in (14) and (15), consequently.

U= {u(k:) c—ufd < wFd(k) < upd

lim>

za=1,2 3, ..., m} (14)

X = {x(kz) s—xpd < gvd(k) < xpd

lim lim?

va=1,23, ..., n} (15)

To SR-MPC syntesis, the IH-based quadratic performance
index proposed by Benallouch et al. (2014) is expressed in
(16).

Joo (k) =Y e (B, + (k)% = 3w R, (16)
k=0

Where (16), A > 0 is the noise attenuation constant, R, =
Cf(k)Ca(k) >0, Ry, = DZ(k)Da(k) > 0 and R, > 0. To
obtain the feedback state gain given by F, 1) = Yg(k)G;(lk),
to Gy = 0 and S,y = Sg(k) > 0, it is necessary that
(17) must be feasible.

min 7

Sy, Gor X, (17)

Subjected to:
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Gi+GT -8, x x
CiGi+ DX, 0 oI s« |20 (8
0 Wi 0 nuR,
1 * *
HWia MHWihax * | >0 (19)
z (0) i
Zl' *
X G+ 6T -5 =0 (20)
Vi * *
A;G; + B X; w;léx (Gz + GZT — SZ) * >0 (21)
W 0 w;léxl

Where Z; < (uﬁ;’n)2 and V; < (xﬁ;’n)2 in which, zg =
1,2,3, ..., mevg =1, 2, 3, ..., n. The disturbance is
norm limited by wypax and wpax = 1+ wfﬂax. The attenua-
tion constant and performance index upper limit are given
by A = /n e B = /7, respectively. Besides, the stability
matrix of system follows the relaxation approach proposed
by Cuzzola et al. (2002), being used to robustness analysis
by boundary ellipsoids (Wan and Kothare, 2002; Kothare
et al., 1996; Rego et al., 2018; Moreira et al., 2021). It also
highlighted that the proposed optimizing procedure can be
adjusted considering as objective function p or 1 to avoid
the bilinearity problem (Benallouch et al., 2014).

4. SIMULATION RESULTS

This section is divided in two parts. The first part explains
the servomechanism of integral action used in Moreira
et al. (2021) and Costa et al. (2017). The second part
analyses and discusses the results obtained by simulation
using the SR-MPC proposed in this study.

Besides, the numerical model is divided in two subsystems
modeled from of load variation. Both the subsystems use
two polytopes vertices, in which the switching rule follows
the input voltage variation. The numerical example follows
the study of Rego et al. (2019).

4.1 Servomechanism of Integral Action

The servomechanism of integral action block diagram used
in this study along with the SR-RMPC procedure is
illustrated in Fugure 2 (Costa et al., 2017). Thence, the

expressions of augmented model used to servomechanism
design are given by:

(22)
in which,

1. | 4w O 5 | Bow

Asky = |:_hca(k) g] v Bowy = [_hDa(k) , o (23)
(24)

_ _ D,
Cotry = [Cot 0], Doty = { O(k)} :

The closed-loop model with the switched-gain Fy ) =
—[Fwy — Fg(k)] are expressed by:
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[VGa Po]
o(x (k)= arg min a(klk)" Pz (k)
o(k) =i €N
y
r(k) _>O_>A h 21 > Fo P 3SSC Boost > y(k)
MENOS MAIS ‘
g <
x=[ir v
Figura 2. Proposed control design block diagram.
[x(k N 1)} [ A - B P Bugoy — F4 :;\67&:: u(k) = —Fyyz(k), the augmented gain to subsystems
v(k) —h(Coky = Doy Fo(r)) 9— hDa(k)Fabm (25)
o]+ ]
v(k)] T a] T F,) =1x 1073 [0.6575 0.7760 0.3865] (31
y(k) = [(Cotiy = Do Foi) Doty EL] [iﬁiﬂ (26) Fpg)=1x1073[~0.6639 0.6150 0.3978]  (32)
where (r(k)) is the setpoint, (v(k)) is the integral action 40
and (g) e (h) are the degree of freedom gains. These gains
are used to fine tuning of closed-loop response model. S 35p
. > 30!
4.2 Analysis of results
25 : : : : :
The numerical model of boost converter are given by 0 005 0l o5 02025 03
—Subsystem — 1.1 — V(36V, 1000W)
g, - |0-2838 —7.7479] , _ [580.4780 1000
L= 0.0643 —0.1137|> P1 = | 65.2800|>  (27) S s
Cy = [0.0198 0.9886], Dy = —0.7304, =° ook
—Subsystem — 1.2 — V(26V, 1000W) 4007 ‘ ; ‘ ‘ ‘
A, [F0.0958 —8,4507]  _ [851.9920 e S
2= 1 00692 —0.2660 | ©2 = | 53.4470 |  (28) Figura 3. a) Input voltage (V)
Cy = [0.0143 0.9886 Dy = —1.0054 lgura J. &) Juput votage 1 va
2= I 2 ’ b) Load Power (P,).
—Subsystem — 2.1 — V(36V, 380W)
Ag = —0.3102 —7.9646 . B3 = 542.7340 7 Figure 3 presents the disturbance variables. The first curve
| 0.0652 —0.1119] | 68.8140 | (29) s the input voltage variation Vi displayed in (A) and the
Cs = [0.0199 0.9956] , D3 = —0.2802, second curve is the load power P, presented in (B). Both
curves illustrate the disturbance of boost converter mode-
—Subsyste_m —-22- V(26K_ 380W) ) ) led using polytopic uncertainty and switched subsystem.
A, — —0.0759 —8.7329 B, — 814.2740
47| 00715 —0.0287|" 4T | 58.5880] " (30)
Cy = [0.0144 0.9956], D4 = —0.3871, 2

where the system are divided in two subsystem in which
the polytopes are based in the input voltage and the
switching rule follows the output load variation.

Thence, considering g = 1, h = 5, R, = 10141 and
= 0.9, and Upq, < 0.5, for time simulation of 300 ms
and initial condition z(0) = [38.5 26]". To switched control

ISSN: 2525-8311

1572

a(k)

0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s)

Figura 4. Switching sequence
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In Figure 4, it observed that the switching sequence is
determined in the simulation as result of switching rule
expressed in (13). Besides, Figures 5 and 6 demonstrate
the closed-loop stabilization of the proposed SR-MPC
strategy. Observing the Figures 3 and 4, the switching
chattered more at beginning and stabilized during the rest
of simulation, with exception of 2nd input voltage change,
in which there was a short variation and stabilized again.

80

Vo(t) (V)
2

- - v‘ -
40 b
30f b
Vo
————— Setpoint
20 i i i i T
0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s)

Figura 5. Output voltage (V).

i (A)

0 0.05 0.1 0.15 0.2 0.25 0.3
80 T
~ 60 ]
2z 'L
> 40 rf V b 1
20 ‘ ‘ ‘ ‘ ‘
0 0.05 0.1 0.15 0.2 0.25 0.3

Time (s)

Figura 6. States response

Besides,the Figures 5 and 6 display the time response of
inductor current (Ip) and capacitor voltage (V.). It is
observed that the states of boost model are stables in
closed-loop and the switching rule keeps its purpose as
illustrated in the block diagram of Figure 2. Thus, the
proposed control strategy was well succeed to closed-loop
stability of the output voltage and the states, maintaining
the stability in view of operations changes seen in Figure
3.

Furthermore, the control signal exhibited in Figure 7
demonstrated that the proposed switching design ensured
the required specifications considering ., < 0.5 for
nonlinear boost converter model and hold the closed-loop
stability in face of changes of operation point presented in
Figure 3.
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Duty Cycle
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Time (s)

Figura 7. Control Signal.

The boundary ellipsoids for SR-MPC design are presented
in Figure 8. Based in Section 3, the boundary ellipsoids
aims ensure the closed-loop stability for all the subsystems
and are useful for store the obtained stable gains in a
lookup-table (Wan and Kothare, 2002). To the boost
model,the Figure 8 confirms the stability of the closed-loop
model and reinforces that the time response trajectory are
inside of ellipsoids for all the states, including the integral
action state, where it assures the efficiency and feasibility
of the procedure to the boost converter plant.

=}
g5
@]
£
N 5
* 3 s 0
- 5 0 5
Ve i )
C iy, iL
5 5
R g
= =
@] ]
=0 =0
&b &b
() [}
= =
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-5 0 5 -1 0 1
’1:L VC
1
=}
g5
&)
£
N 5
* 3 s 0
- 5 0 5
Ve i )
C iy, iL
5 5
R g
= =
@] ]
=0 =0
&b &b
Q [}
= =
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5 5
-5 0 5 -1 0 1
’1:L VC

Figura 8. Boundary Ellipsoids.
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5. CONCLUSION

This study proposed the switched robust model predictive
control applied to voltage control of 3SSC boost converter
considering the equivalent boost model. The proposed
robust control aimed to ensure the closed-loop output
voltage stability of boost converter using the switched rule
principle associated with the polytopical uncertainty exis-
tent in the presented power converter. Accord to proposed
contributions, it is worth to affirm that the SR-MPC-LMI
defined in this paper guaranteed the design specifications
based of the simulation test adopted in this study. Besi-
des, the presented control technique achieved the feasibi-
lity combining polytopical uncertainty and switching rule,
overcoming the switched MPC design of Benallouch et al.
(2014). Thus, the simulation test analysis demonstrated
the efficiency and capability of the SR-MPC-LMI to stabi-
lize the output voltage of 3SSC Boost converter using pa-
rameters variation as disturbance of model, being one more
alternative control design to DC-DC boost converters.
Therefore, the proposed SR-MPC-LMI design based the
principle procedure seen in Geromel and Colaneri (2006a);
Benallouch et al. (2014) and following offline approaches
defined by Wan and Kothare (2002) applied to output
voltage stabilization of boost converter was well succeed,
confirming the efficiency of this method.

Therefore, the achieved results in this study collaborate to
more investigation about switched model predictive con-
trol applied to DC-DC converters. As objective to future
works is to apply this presented study in an experimental
setup aiming to validate the obtained results shown in this

paper.
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